Chick cranial-bone procollagen, extracted at neutral pH in the presence of inhibitors of proteolytic enzymes, exists as a triple-stranded protein with disulfide bonds linking all three chains. The biosynthetic precursor function of this procollagen was demonstrated by pulsechase experiments. The ratio of radioactive hydroxyproline to proline in proa chains obtained by reduction and alkylation of the disulfide-bonded precursor was similar to the value determined for proal from acid-extracted procollagen. However, the molecular weight of these chains was higher than that previously determined for proal and proa2, suggesting that extraction of tissue at low pH results in a selective loss of disulfide-bonded regions from procollagen. These findings reconcile several apparently conflicting reports on the nature of procollagen identified in bone and in the medium of cultured fibroblasts and indicate that in both systems procollagen is synthesized as a disulfidelinked protein.
function of this procollagen was demonstrated by pulsechase experiments. The ratio of radioactive hydroxyproline to proline in proa chains obtained by reduction and alkylation of the disulfide-bonded precursor was similar to the value determined for proal from acid-extracted procollagen. However, the molecular weight of these chains was higher than that previously determined for proal and proa2, suggesting that extraction of tissue at low pH results in a selective loss of disulfide-bonded regions from procollagen. These findings reconcile several apparently conflicting reports on the nature of procollagen identified in bone and in the medium of cultured fibroblasts and indicate that in both systems procollagen is synthesized as a disulfidelinked protein.
There is ample evidence for the existence of a higher molecular weight precursor of the functional collagen monomer (1-5). The term procollagen was applied to the form identified in extracts of embryonic cranial bone to indicate an antecedent role for the molecule in the biosynthesis of collagen (1) . Molecular weights of 115,000-120,000 were determined for the constituent proal and proa2 chains of cranial-bone procollagen, in contrast to the molecular weight of 95,000 established for vertebrate collagen-a chains (1, 6, 7) . Possible functions for the additional sequences in procollagen include initiation of triple-helix formation, prevention of intracellular fibrogenesis, and intracellular translocation and secretion of the protein (1, 2, 8) . The amino-acid composition of the additional sequence in the proal chain of chick-bone procollagen is markedly different from that of fibrous collagen, in keeping with the possibility of a distinct structure and function for this molecular domain (7, 9) .
In contrast to the discrete proa chains obtained by heat denaturation of acid-extracted bone procollagen, collagen precursors identified in the medium of cultured cells contain interchain disulfide bonds. Thus, reduction of culture medium with 2-mercaptoethanol was required to demonstrate the presence of proa chains in the material synthesized by embryonic chick fibroblasts (3, 10) . In the absence of reduction, collagen fractions with molecular weights expected of dimers and trimers of proa chains were identified (3, 4, (10) (11) (12) .
The ability to demonstrate a form of procollagen in aceticacid extracts of cranial bone resulted largely from inactivation Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; EDTA, ethylenediamine tetraacetic acid; CMcellulose, carboxymethyl cellulose. * To whom requests for reprints may be addressed.
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at low pH of the neutral proteolytic activity, procollagen peptidase (1, (13) (14) (15) . It seemed possible, however, that homogenization and extraction of bone in acetic acid might promote limited proteolysis of procollagen by acid proteases. Such proteolysis would be less likely to occur in a culture medium that can be efficiently separated from intracellular enzymes. In this communication we provide evidence that the procollagen synthesized in bone exists as a triple-stranded molecule with disulfide bonds linking all three chains. The data reconcile several apparently conflicting reports on the nature of the procollagen synthesized by tissues and cells in culture.
METHODS
Synthesis and Extraction of Procollagen. Cranial bones from 17-day-old chick embryos were cultured in Dulbecco's modified Eagle's medium containing 25 mM Hepes buffer (pH 7.4) in place of bicarbonate. ,3-Aminopropionitrile, sodium ascorbate, glutamine, penicillin, and streptomycin were added as described (7) . Procollagen was trace-labeled by incubation in the presence of L-[2,3-3H]proline (20 uACi/ml) for 18 min or in L-[35S cysteine for 2 hr. In pulse-chase experiments with [3H]proline, bones were transferred to fresh medium containing 12.5 mM unlabeled proline at the conclusion of the labeling period and the incubation continued for a specified time. After incubation the bones were washed with a large volume of ice-cold water and procollagen was prepared in one of three ways. (1) The tissue was homogenized and extracted for 20 min with 0.5 M acetic acid, and procollagen was purified as described (1, 7) . (2) The tissue was homogenized in 1 M NaCl and 0.05 M Tris -HCl (pH 7.5) containing 25 mM EDTA, 10 mM N-ethylmaleide, and 1 mM diisopropylfluorophosphate and immediately centrifuged. The concentration of NaCl in the supernatant was increased to 25%, and procollagen and collagen were precipitated by stirring at 40 overnight. The precipitate was redissolved in the extraction buffer and dialyzed against 1 M NaCl-0.05 M Tris HCl (pH 7.5). After clarification by centrifugation the supernatant was dialyzed against 0.08 M sodium acetate (pH 4.8). (3) The tissue was homogenized in 8 M urea-0.05 M Tris * HCl (pH 7.5) containing EDTA, N-ethylmaleimide, and diisopropylfluorophosphate and immediately centrifuged at 4°. Thereafter, the extract was treated as was the 1 M NaCl extract except that precipitation with 25% NaCl was omitted.
Limited Proteolysis with Pepsin was performed on 1 M NaCl extracts of procollagen as described (1) . Reduction Chromatography and Electrophoresis. Carboxymethyl (CM)-cellulose chromatography was performed at pH 4.8 in 4 M urea (1, 7). Molecular sieve chromatography was performed at room temperature on 4% agarose equilibrated with 1 M CaCl270.05 Tris HCl (pH 7.5). However, the sample was applied to the column in 8 M urea. Analytical-gel electrophoresis was performed in 0.1% Na dodecyl sulfate-0.5 M urea with 5% acrylamide gels as described (4) . Dansylated collagen chains and peptides were prepared as described (16) and added to each gel. These chains were used only as relative standards since dansylation resulted in a slight increase in migration rate. Gels were sliced with a Mickle gel slicer and digested as described (9) .
Radioactive Hydroxyproline/Proline Ratios. Acid hydrolysates were placed on a column (0.9 X 20 cm) of UR-30 resin and eluted with 0.2 M sodium citrate (pH 2.98) at 52°. In biosynthetic experiments with [3H]proline, radioactivity was limited to the positions of elution of authentic hydroxyproline and proline. 
RESULTS
Extraction of Procollagen at Neutral pH. When labeled chick cranial bones were extracted with acetic acid and the partially purified extracts chromatographed on CM-cellulose (Fig. 1A) , the elution pattern was similar to that described (1). The predominant radioactive peaks are proad and proa2, with smaller quantities of al and A2 (1, 6, 7) . In contrast, extraction with 1 M NaCl and enzyme inhibitors at neutral pH revealed an entirely different elution pattern (Fig. 1B) .
The yield of radioactive protein was about the same for the acid and the 1 M NaCl extracts. Furthermore, sequential extraction of pulse-labeled bones with 1 M NaCl followed by 0.5 M acetic acid yielded only small quantities of proal and proa2 chains in the latter extract, suggesting that the radioactive fractions in Figs. 1A and B are related. A possibility, for which we will provide additional evidence, is that the Extraction of cranial bones with 8 M urea and enzyme inhibitors produced a procollagen fraction in higher yield but with similar chromatographic properties to that identified in 1 M NaCl extracts (not shown).
A Precursor Role for Covalently Linked Procollagen. In order to obtain information regarding the role of the protein extracted at neutral pH in the collagen biosynthetic scheme, pulse-chase experiments were performed. Cranial bones were pulse-labeled with [3Hjproline for 18 min, and the isotopic label was chased with an excess of unlabeled proline for 15, 30, and 60 min. The bones were extracted with 8 M urea. The results (Fig. 2) (Fig. 1A) . V0 represents the void yolume of the column. with pepsin under conditions that limit proteolytic attack to regions of the molecule not protected by a triple-helical conformation. After inactivation of pepsin, treated and control preparations were chromatographed on CM-cellulose. The results (Fig. 3) indicate that the covalently linked procollagen molecule contains a triple-helical region which resists peptic digestion and chromatographs, after denaturation, as aland a2-like chains in the expected ratio of 2: 1. An additional region of the molecule which apparently differs in conformation was presumably cleaved by pepsin and lost during dialysis before chromatography.
Equal activities (1 X 106 cpm) were used for the pepsintreated and control preparations, and approximately the same amount of radioactivity was applied to each CMcellulose column in Fig. 3 . However, a higher proportion of the applied activity was eluted with the gradient in the pepsin-treated sample (5.4 X 104 or 86% compared to 2.5 X 105 or 47% for the control). The difference indicates that the material eluting in Fig. 3A contributed only a part of the al and a2 chains shown in Fig. 3B . Apparently a fraction that does not elute from the column within the gradient in Fig. 3A is also converted to a collagen-like molecule by limited cleavage with pepsin. We do not know whether the latter fraction represents aggregates or an even higher molecular weight species of procollagen. Fig. 1B ), was subjected to molecular sieve chromatography (Fig. 4) the major radioactivity peak migrated in a position between the void volume and the position previously established for ,B components. This peak elutes before the position expected for y components, and a ratio of radioactive hydroxyproline to proline of 0.77 was determined for the fraction (Table 1) . These data are consistent with the presence of three pro a chains in this procollagen fraction forming a trimer. The radioactivity peak eluting in the region of the a chain in Fig. 4 presumably represents a mixture of a2 and proa2 chains which elute with the covalently linked procollagen from CM-cellulose.
Na dodecyl sulfate-acrylamide gel electrophoresis resolved the material eluting between 115 and 140 ml of effluent volume from the agarose column (Fig. 4) into two peaks. The major component migrated as a high-molecular-weight fraction, presumably a trimer (Fig. 5A) . The minor component, migrating slightly faster, may represent a disulfide-linked proa chain dimer.
Reduction and alkylation of [3H]procollagen (Fig. 4) followed by rechromatography on agarose resulted in a shift of radioactivity to a region preceding the a-chain marker (Fig.  6) . A ratio of radioactive hydroxyproline to proline of 0.79 was obtained for the material eluting in this region (Table 1) . This ratio is in good agreement with that obtained previously for chick proal (6) . The proa chains in Fig. 6 elute before the position observed for acid-extracted chick proal chains (7), suggesting a molecular weight in excess of 115,000.
The higher molecular weight of proa chains obtained from disulfide-linked procollagen was demonstrated by Na dodecyl sulfate-acrylamide gel electrophoresis (Fig. 5B) . Both peaks migrated more slowly, relative to dansylated al-CB7, than proal and proa2 from acid-extracted procollagen. However, their complex chemical composition (consisting of both "collagenous" and substantial "noncollagenous" moieties) makes an assignment of molecular weights based on this technique hazardous if not impossible. The two peaks may represent proal and proa2, but further experiments are required to substantiate that characterization. A pattern identical to Fig. 5B was found for proa chains from disulfide-linked procollagen which were first isolated by molecular sieve chromatography (Fig. 6 ) and then run on acrylamide gels (not shown).
Patterns similar to those shown in Figs. 4 and 6 were also observed before and after reduction and alkylation of [15S]-cysteine-labeled procollagen (not shown). Cystine is, therefore, present in both the triple-stranded procollagen molecule and in its constituent proa chains.
DISCUSSION
Extraction of tissues with solutions of NaCl at neutral pH is an established means of selectively solubilizing newly synthesized collagen which has not yet been stabilized in the extracellular matrix by covalent intermolecular crosslinks (17) . However, during studies of the early steps in collagen biosynthesis it became apparent that prolonged extraction of cranial bones at neutral pH led, even at 40, to complete conversion of procollagen to collagen by endogenous proteases (1, 13, 15, 18) . The ability to demonstrate a collagen precursor or procollagen in acetic-acid extracts of rat and chick calvaria (1, 6, 7, 9, 15) Several investigators have reported that fibroblasts in culture synthesize and secrete into the culture medium a protein which resembles acetic acid-extracted bone procollagen in that (a) the culture medium protein can be dissociated to chains with molecular weights higher than a chains (3, 4, (10) (11) (12) 19) ; (b) conversion to collagen can be accomplished by limited proteolysis with pepsin (2-4, 10, 19) ; and (c) the medium protein contains cystine (3, 4, 10) . Dermatosparactic collagen (20) , which represents a derivative of procollagen, resembles fibroblast culture medium procollagen in that both proteins contain an NH2-terminal extension visible in electron micrographs of segment-long-spacing aggregates (3, 21) .
Procollagens from fibroblast culture medium and bone differ, however, in several properties. The culture medium protein was reported to be soluble under physiological conditions (2) and contained interchain disulfide bonds (3, 4, (10) (11) (12) 19) . These findings prompted us to consider the possibility that extraction in acetic acid, while inhibiting procollagen peptidase, might promote a more limited proteolysis by enzymes liberated during homogenization of bone. The recent demonstration that the COOH-and NHr1terminal nontriplehelical regions of skin and bone collagen are unusually susceptible to limited proteolysis during acetic acid extraction of the tissue (22) (23) (24) suggested that procollagen might be prone to similar alterations. The lack of interchain disulfide bonds in acid-extracted procollagen and of cysteine in its proa2 chain (1, 7, 9) might therefore be an indication of proteolytic alteration.
Indeed, short-term extraction of procollagen at neutral pH in the presence of EDTA [which inhibits procollagen peptidase (13, 14) ], N-ethylmaleimide, and diisopropylfluorophosphate efficiently extracted a more native procollagen than that obtained by acid extraction. Procollagen extracted in neutral salt or 8 M urea is a disulfide-linked protein requiring reduction to dissociate its constituent proa chains (Figs.  4-6 ). This procollagen functions as a biosynthetic precursor of collagen, as shown by pulse-chase experiments (Fig. 2) ; a major fraction of the molecule exists in a triple-helical conformation, as indicated by its resistance to pepsin digestion (Fig. 3) .
Kerwar et al. (26) have recently reported that a cell-free system prepared from L-929 fibroblasts synthesizes only proal and proa2 chains. However, the majority of the labeled material eluting with a2 from CM-cellulose most likely corresponds to the disulfide-bonded procollagen described here since it also migrates in the position expected for a trimer during acrylamide gel electrophoresis.
The extent to which proa chains from acid-extracted procollagen are reduced in size is difficult to evaluate. Hydroxyproline/proline ratios of chains isolated from procollagens extracted in acid and neutral pH are not significantly altered (Table 1 ), but such ratios are not sensitive to the presence of additional sequences deficient in both imino acids. The molecular weights of proa chains derived from the disulfidebonded precursor are substantially higher than the value of 115,000 determined for acid-extracted proal. Quantitation is difficult, however, in view of the uncertain assumptions underlying comparative calculations with either molecular sieve chromatography or acrylamide gel electrophoresis.
Identification of a procollagen molecule differing substantially from acid-extracted procollagen raises anew the question of the mechanism by which procollagen is converted to collagen. Measurement of procollagen peptidase activity has been based on the ability of tissue extracts to convert either dermatosparactic collagen (14) or acid-extracted procollagen (13) to collagen. It is now apparent that neither of these substrates represents native procollagen. In preliminary experiments, disulfide-bonded procollagen was not efficiently cleaved by a crude preparation of procollagen peptidase (Monson, J. & Bornstein, P., unpublished). Conceivably, therefore, the physiological mechanism for conversion of procollagen to collagen may be more complex than the mode of cleavage currently attributed to procollagen peptidase. Conversion may, for example, occur by a multi-step process (4, 25) , and a form of procollagen similar to acidextracted procollagen may represent an intermediate in this process.
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